Many coastal marine sediments display highly heterogeneous biogeochemistry due to complex biological and chemical interactions. Existing measurement techniques are limited in their ability to characterize the distributions of reduced species at high resolution in two dimensions. To obtain more detailed information than existing methods, a novel technique for the simultaneous high-resolution (1 mm), two-dimensional determination of porewater iron (II), and sulfide using a gel-based diffusive sampler was developed. A diffusive equilibration in a thin-film (DET) hydrogel was colorized by Ferrozine reagent, imaged electronically, and analyzed using computer imaging densitometry. With the selected gel parameters, the method detection limit for iron (II) was 0.6 μmol L -1
Introduction
Organic matter decomposition in coastal marine sediment is often dominated by bacterially mediated sulfate reduction (Jorgensen 1982) , with iron and manganese reduction also quantitatively important in some sediments (Canfield et al. 1993) . As a result, the biogeochemistry of iron and sulfur compounds can reveal important information about biological, physicalm, and chemical processes occurring in the sediment, such as the pathways of organic matter mineralization, the effects of bioturbation, and other processes.
The presence of benthic flora and macrofauna can disrupt and re-engineer the structure of the sediment, creating a complex, three-dimensional mosaic of redox zones (Aller 1982) . Additionally, temporal variation can be induced by faunal activity (Forster and Graf 1992) . The presence and activity of large organisms can strongly alter the biotic and abiotic processes occurring in the sediment, resulting in changes to major elemental cycles in the coastal marine environment (Aller 1994; Kristensen 2000) . Therefore, it is important to investigate the causes and effects of sediment heterogeneity and their influence on major element cycles.
The investigation of such complex systems demands measurement techniques with a range of characteristics to build a representative picture of sediment processes. To date, investigation of lateral heterogeneity has been limited, though several measurement techniques including microelectrodes (Luther et al. 1998) , planar optodes (Glud et al. 1996) , and diffusional samplers (Davison et al. 2000) have been used. Diffusional samplers, such as the diffusive gradients in thin-films (DGT), diffusive equilibration in thin-films (DET), and dialysis peepers, have provided promising methods for investigating sediment biogeochemical processes at a range of scales (Davison et al. 1991; Davison and Zhang 1994; Gao et al. 2007) .
DET is a simple passive sampling technique in which a polyacrylamide hydrogel layer, comprised mostly of water, is placed in the sediment and allowed to equilibrate with dissolved species in the porewater (Davison et al. 2000) . This is typically used in one of two modes: constrained, where the gel , with an upper calibration limit of 500 μmol L -1 and relative standard deviations below 10% across the calibration range. This method was integrated into the existing diffusive gradient in a thin film (DGT) method for sulfide determination. Field deployments of a prototype probe, which measured an area of 170 × 80 mm, in estuarine sediment revealed complex, fine-scale, interlocking zones of iron (II) and sulfide. This confirms the need to assess more than a single dimension, at appropriately high resolution, to obtain an accurate representation of sediment geochemistry. Advantages of the technique include its high spatial resolution, minimal sample handling, flexible probe size, simultaneous measurement of two analytes at exactly the same location in the sediment, and the rapid production of data without requiring expensive analytical instrumentation.
*Corresponding author: E-mail: p.teasdale@griffith.edu.au is arranged in discrete compartments within a probe and individual gel sections are analyzed, or unconstrained, where a gel sheet is used. Diffusional relaxation, the net movement of dissolved species from higher concentration areas of the gel to areas of lower concentration, is a problem with unconstrained hydrogels, as the fidelity of the distributions of dissolved species to actual heterogeneous distributions in the sediment will decrease over time (Davison et al. 2000) . This is often addressed by fixing analytes in the gel (Davison et al. 1991) or rapidly slicing the gel into small pieces for individual analysis.
The DGT technique relies on steady-state accumulation, rather than simple equilibration, of analyte species. Two layers of gel are used in a typical probe, the binding gel, which contains an agent that specifically binds target analytes, and a diffusive gel, which protects the binding gel and creates a fixed distance and area over which a diffusive flux to the binding gel can develop (Davison 2000) . Depending on the binding agent selected and target analytes, the overlying diffusive gel can simultaneously be used as a DET sampler. A DGT probe is deployed for a known period, after which the probe is retrieved and the analyte accumulated in the binding layer is measured in the laboratory. By using the DGT equation, derived from Fick's first law of diffusion, the accumulated mass of analyte can be used to calculate the concentration of analyte in the bulk solution adjacent to the DGT probe (Zhang and Davison 1995) .
The development of a high-resolution technique for the determination of sulfides using DGT enabled the imaging of very complex heterogeneous patterns of sulfide in sediments at relatively small scales. The technique used computer imaging densitometry (CID) to relate a color change in the gel layer to accumulated sulfide concentrations. However, applications of sulfide DGT to date have used narrow probes, which are sufficient to measure fine-scale sulfide microniches in two dimensions, as in Motelica-Heino et al. (2003) and Widerlund and Davison (2007) , but do not have the capacity to image larger scale features in two dimensions.
Sulfide and metal DGT gels were later combined and applied to simultaneously measure sulfides and metals at the same location in the sediment at fine and medium scales (MotelicaHeino et al. 2003; Naylor et al. 2004) . However, the fine-scale technique used by Motelica Heino et al. (2003) , Laser Ablation ICP-MS, requires expensive, specialized instrumentation, and is very time-consuming for detailed assessment of larger spatial scales. Other studies measuring multiple metal analytes in hydrogels using LA ICP-MS (Warnken et al. 2004; Stockdale et al. 2008) and Proton Induced X-Ray Emission (Davison et al. 1997 ) have determined metal concentrations at submillimeter resolution. Due to the constraints mentioned above, imaging larger areas relevant to biogenic structures using these techniques is very time-consuming, though the data on small scale distributions can be generalized to larger scales.
The level of small-scale heterogeneity that has been observed in studies of marine sediments is very high. For example, Zhu et al. (2006) used a two-dimensional optode fluorosensor to study sediment CO 2 distributions in the presence of biogenic structures, revealing heterogeneous patterns at the millimeter scale. The resolution of two-dimensional techniques is, therefore, crucial to enable accurate representation of chemical distributions. However, this is not the only important factor determining a technique's utility in studies of sediment biogeochemistry. The ability to measure multiple analytes at exactly the same point in the sediment is critical, as small-scale heterogeneity will mean measurements of different analytes at different points in the sediment cannot be used to directly examine interactions between those analytes.
Another important factor is the scale or area a technique can sample in a single event or short space of time. To assess the impact of biogenic structures on sediment geochemistry, a measurement technique must be capable of obtaining enough information to build a representative image of a significant portion of the heterogeneous feature in a short enough time to reduce temporal interference. A method, such as CID of planar hydrogels, which can be scaled up or down as necessary without the constraints normally associated with increased sample numbers, is well suited to this purpose.
This study presents a technique for the simultaneous highresolution (mm), 2-D determination of iron (II) and sulfide in sediment porewaters. The method utilizes a sulfide DGT gel and a DET gel layer stained with ferrozine reagent to reveal iron (II) distributions. This was developed independently of a similar method published by Jezequel et al. (2007) , with a comparison of the features of the two approaches covered in the discussion section. The combined method was designed to be as simple as possible and does not require expensive or sophisticated equipment. The method can return data within an hour of probe retrieval and allows detailed, fine-scale study of heterogeneous sediment features at relevant spatial scales.
Materials and procedures
Combined DGT/DET probe preparation-Diffusive and binding gels were prepared using a modification of the technique described in Devries and Wang (2003) . Large 270 × 140 mm glass plates were used for gel casting. All glass plates were acid washed in 10% HNO 3 (Lab-Scan, AR grade), rinsed, and dried prior to each use. All water used, unless otherwise noted, was Milli-Q (Millipore Element) water.
Gel stock solution was prepared by dissolving 7.5 g N, N′-methylene bisacrylamide (Aldrich, electrophoresis grade) and 142.5 g acrylamide (Sigma, electrophoresis grade) in water. Diffusive gels were cast by mixing 21.5 mL gel stock, 21.5 mL water, 430 μL freshly prepared 10% ammonium persulfate (APS; Aldrich, AR grade), and 18 μL N, N, N, N-tetramethylethylenediamine (TEMED; Bio-Rad). Binding gels were cast by mixing 9.30 mL water, 9.30 mL gel stock solution, 2.4 mL 1 M AgNO 3 , and 55 μL 10% APS. The mixed solutions were immediately pipetted into gel molds comprised of two slightly offset glass plates separated by plastic spacers (0.8 mm for diffusive gels, 0.5 mm for binding gels) and clamped together. The gel assemblies were placed in an oven at 44°C for 10 min to set and allowed to cool to room temperature, after which they were carefully removed from the plates. Binding gels were immersed in a ~0.2 M KI (Merck, AR grade) bath, stored in the dark, until opaque (typically several hours). During this step, the silver impregnated in the gel during the casting step reacted with the iodide in the bath to precipitate AgI evenly within the gel. After immersion in the KI bath, gels were stored in a container of deionized water, which was changed at least three times in the first 24 h. Diffusive gels were retrieved and stored in a container of deionized water, which again was changed three times in the first 24 h after gel casting.
Novel large sediment probes were designed for this study. The probes expose a window of 170 × 80 mm to the environment, with total probe dimensions of 275 × 110 × 14 mm. The combined probe utilizes a standard DGT layout, with a binding layer at the rear of the probe overlain with a diffusive (DET) layer and a protective 0.45 μm (Supor, Pall) membrane, as shown in Fig. 1 .
Additional sampling was done using small sediment DGT probes (www.DGTResearch.com), which expose an area of 150 × 18 mm to the environment. Completed probes were stored in filtered natural seawater and deoxygenated by purging with N 2 for at least 12 h before deployment.
High-resolution 2D Fe (II) determination-To obtain iron (II) concentrations from a sample probe, the diffusive gel (hereafter referred to as the 'sample gel') was removed from the probe and laid face up on a sheet of transparency paper. A staining gel layer was prepared in the same manner as the diffusive gel layer and equilibrated in a solution of 0.001 M Ferrozine and 0.1 M acetic acid for at least 12 h to saturate the gel matrix. This was carefully laid over the sample gel. A second transparency sheet was placed over the top to cover the staining gel, and the assembly was scanned with the sample gel face down on a conventional flat-bed scanner at 300 dpi (CanoScan LiDE 20) 15 min later.
The scanned color image was converted to monochrome using Adobe Photoshop 7.0, using the green output channel. This gave the highest sensitivity for the ferrozine stain, as described by Jezequel et al. (2007) . The grayscale image was resized so that 1 pixel equaled 1 square millimeter, and was converted to a tagged image file format (TIFF). This image was imported into Scion Image 4.0.3.2 (Scion Corp), the probe area was selected, and the 2-D distribution of grayscale intensity was plotted. The values spreadsheet was exported and corrected for the blank value by subtracting the lowest measured grayscale value, deemed to reflect the 'background' color contributed by the transparencies and gel sheets, from the entire data set. A calibration curve (see Assessment section) was then applied to the data to obtain quantitative iron (II) concentrations for each pixel.
Sulfide determination-A modification of the original CID method for 2-D sulfide determination ) was used. The sulfide binding gel was soaked in a 0.01 M solution of hydroxylamine hydrochloride for 12 h to remove interference from oxidized iron compounds. Following this, the gel was scanned at a resolution of 300 dpi, after which the image was converted to monochrome using the red output channel, resized, analyzed for grayscale, and corrected for blank values in the same way as described for the iron (II) method. The sulfide calibration curve was then applied to determine sulfide (II) exposure, which was related back to porewater concentrations using the standard DGT equation (Zhang and Davison 1995) , as detailed in the assessment section.
Assessment
Initial identification of iron (II) color reagent and staining material-Two staining reagents were considered for the assay, phenanthroline and ferrozine. Ferrozine showed much greater visual color response in initial tests and was selected for further development. Following this, a range of media for delivering the ferrozine stain were tested, including via solution, several types of blotting paper, and a diffusive hydrogel containing the reagent.
The use of a solution to deliver the stain was unsuitable as diffusion of iron (II) out of the gel layer both decreased gel colorization and spread the stain rapidly. Blotting paper showed promise and provided a measurable color very rapidly, however capillary action in the paper caused spreading of the stain which decreased profile fidelity. Additionally, the use of blotting paper added complexity to theoretical considerations of the measurement, as there was color in both the hydrogel and on the surface of the blotting paper, which have different optical properties. The most notable of the differences is that color soaking deeper into the blotting paper would not contribute to the densitometry reading, decreasing sensitivity for iron (II). The hydrogel stain was the slowest to colourise, but image distortion was restricted to diffusional relaxation, retaining close fidelity to the sampled iron (II) distributions.
Iron (II) gel colorization and response through time-The color response for the staining method required quantification. Eight gel squares were soaked for 6 h in different concentrations of iron (II) standard solutions, ranging from 10 to 500 μM, so that equilibrium was reached. While equilibrating, the ferrous state was maintained by the addition of hydroxylamine hydrochloride and storing the solutions in a nitrogen-filled glove box. These gel squares, along with two 'blank' gels, were exposed to the staining gel layer and scanned 4, 7, 10, 15, 20, 30 , and 45 min after exposure. The image was analyzed for grayscale intensity as described above. The data showed a rapid initial increase in colorization, slowing after the first 10 min. Gels with higher concentrations tended to increase in color intensity through time, while lower concentrations remained stable after 20 min. Exposure time is a compromise between the completeness of color development and diffusional relaxation.
The grayscale value for the blank gels was subtracted from the sample gel values and plotted against iron (II) concentrations to provide an empirical calibration curve for the method (Fig. 2) . A modified hyperbolic curve, generated using Sigmaplot 10.0, fit the data extremely well (R 2 = 0.998). Further testing of replicates at three different iron (II) concentrations gave RSD values below 10% (n = 3) and a method detection limit of 0.6 μM (three times the standard deviation of the grayscale intensity of 1 cm 2 blank samples, n = 3). The non-linearity of the calibration curve is to be expected with a digitally imaged densitometric measurement. Pixels on digital imaging devices are designed to have a linear relationship with the transmission of light (T). Transmission has a logarithmic relationship with optical density (OD), also measured as absorbance, according to Eq. 1 (Skoog and West 1982) :
According to Beer's Law, OD has a linear relationship with concentration. Therefore, concentration and pixel intensity of a densitometric technique will have a logarithmic relationship in ideal circumstances.
In practice, slight oversaturation or underexposure at the top and bottom end of the pixel range mean the relationship between pixel intensity and transmittance is not linear. Additionally, the nature of the staining technique means that not all iron (II) at a given point in the gel will be colorized by the 15 min imaging time, so an exact logarithmic fit is not expected. Therefore, an empirical approach was taken to determine and apply the calibration curve, with an exponential relationship providing the best explanation for the observed distribution within the calibration range. Above the presented calibration range, the error associated with grayscale measurements would increase significantly as the intensity approaches saturation.
Sulfide calibration-Twenty standard piston-type DGT probes (Zhang and Davison 1995) were immersed in sulfide solutions of known concentration for 6 h at 20°C. The grayscale intensity of the retrieved gels was determined via CID and the theoretical sulfide uptake per square centimeter was calculated using the DGT equation (Zhang and Davison 1995) , and an empirical calibration curve was plotted (Fig. 3) .
A power curve explained the majority of the variation in the data (R 2 = 0.967). As with the iron (II) technique, an empirical approach was taken due to the complexity of the relationship between pixel intensity and concentration. Some additional discussion of this relationship was included in Teasdale et al. (1999) . To determine C DGT for the sampled porewater, first the sulfide uptake per square centimeter was calculated from the grayscale values using Eq. 2, derived from the calibration curve in Fig. 3 : (2) where M is the mass of sulfide taken up in micromoles, A is the area of uptake in cm 2 (as determined by the required resolution), and I g is grayscale intensity. Once sulfide uptake was known, a modified form of the DGT equation (Zhang and Davison 1995) could be used to calculate solution concentrations using Eq. 3: (3) where C DGT is the DGT-measured sulfide concentration in the porewater (μmol cm ) for sulfide at the temperature of the deployment (Li and Gregory 1974) , and t is time (s). A function for area is not included in the C DGT equation as it is accounted for in Eq. 2. For all data presented in this paper, C DGT was converted to μM.
The theoretical sulfide uptake values were validated by directly measuring sulfide uptake of sample gels by a modified version of the acid volatile sulfide technique, as described by Teasdale et al. (1999) . A linear relationship with an R 2 value of 0.951 existed between the theoretical and measured values, verifying the accuracy of the calculation used within experimental error.
Diffusional relaxation of iron (II) profiles-Lateral diffusional relaxation of actual sulfide patterns in the sulfide DGT measurement should be limited to the thickness of the diffusive gel layer as sulfide is assumed to be fixed upon contact with the binding agent in the binding layer (Davison et al. 2000) . To investigate the effects of diffusional relaxation and profile expansion through time on the DET technique, a freshly stained sample gel from an iron (II)-rich sediment was scanned at regular intervals starting 1 min after exposure to the staining hydrogel. The grayscale intensity of a 0.34 mm wide vertical profile at the center of the gel was plotted at a resolution of 6 points per millimeter to identify changes in profile shape and color density through time (Fig. 4) .
It is difficult to determine whether color at any point in the gel is due to colorization of iron (II) originally present at the time of probe retrieval, or iron (II), which has diffused from nearby. Fig. 4 shows that the most heterogeneous profile is at 6 min, with some points showing no additional color development. The profiles become 'smoother' at 15 and 35 min, maintaining the general shape of earlier profiles but with less variation in color intensity at very small scales. This is to be expected, as the shorter time has been subjected to less diffusional relaxation, so fine-scale heterogeneity is more pronounced. Over the longer time periods, the difference in intensity between the upper and lower parts of the profile became much more apparent, with stronger colorization at a depth of 5 mm than at 1 mm. However, while this data does provide some useful indicators on the changes displayed by color profiles due to relaxation, it does not serve to quantify the rate of relaxation at any given point.
The actual rate of diffusional relaxation within a probe will differ depending on factors including the strength of the diffusive gradient, the temperature and the presence of dissolved species in the gel which interact with iron (II). For example, iron (II) diffusing into a section of gel containing oxygen may be oxidized to iron (III), preventing it from forming the ferrozine complex and contributing to color at that point.
This complexity makes it impossible to quantify the maximum change in iron (II) distributions in the time between probe retrieval and scanning. To be conservative, we propose that a distance of double the thickness of the diffusive layer is used as the maximum possible deviation from the true profile at the time of probe retrieval. The reasoning behind this is that constrained DET techniques have a maximum fidelity of their profile thickness (Davison et al. 2000) , and doubling this will account for any relaxation that will take place. Therefore, in the present paper, we consider that iron (II) distributions may be influenced by diffusional relaxation up to 1.6 mm from the measured point -functionally, 2 mm, as single square millimeter units have been used for the construction of 2-D graphs. Further investigation is required to better quantify this characteristic of the method.
Interference due to oxygen exposure upon probe retrievalAnother notable issue is the potential interference of oxygen to the measurement. Once removed from the sediment, exposure to oxic water or air will allow oxygen to diffuse into the gel and react with iron (II) to form iron (III) oxides, which do not form a color with ferrozine but could directly contribute to grayscale values. Therefore, it is expected that delays between probe retrieval and staining gel exposure will lead to underestimation of iron (II) concentrations. To test for this, four small DGT sediment probes (www.dgtresearch.com) were placed close together in a bucket of iron-rich reduced sediment that had been sieved, homogenized, and allowed to stand for 4 mo. The probes were allowed to equilibrate for 24 h. Upon retrieval, the sample gels were exposed to staining gels after differing delays of 2, 5, 10, and 17 min. These were then scanned 15 min after exposure to ferrozine, and the data were used to construct vertical profiles of iron (II) in the gels (Fig. 5 ).
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There was a substantial reduction in measured iron (II) concentrations between 2 and 5 min of exposure, with major underestimation at a delay of 10 min or more. The largest underestimation was at areas of highest concentration, indicating that accuracy in these areas, where (according to the calibration curve) relatively small changes in grayscale intensity are associated with large changes in iron (II) concentration, is most affected. From this test, it is clear that time is crucial in sample handling to ensure the rapid exposure of the sample gel to the staining gel. It may be the case that, if a short delay is inevitable, keeping the probes immersed in anoxic water is preferable to leaving them exposed to the atmosphere or oxic water.
Pilot field deployments-Preliminary field deployments using small DGT sediment probes from DGT Research Ltd (www.dgtresearch.com) were made at a range of locations around the Gold Coast, Australia, to assess sites for combined probe deployments. The probes comprised an AgI binding layer for sulfide and an overlying diffusive layer, which was used to measure total iron. Immediately after removal from the sediment, the diffusive gel was removed from the probe and immersed in 0.01 M NaOH to fix iron (II) as iron (III) precipitates. The gel was later sliced at 1 cm resolution, eluted in suprapur HNO 3 (Merck), and analyzed by ICP-MS (Agilent, 7500a). Porewater measurements for total iron were also taken using a 44 mm diameter sediment core collected directly adjacent to the probe window. The core was sliced at 1 cm resolution and subsamples were centrifuged, the porewater extracted and analyzed using an ICP-MS (Agilent 7500 A). During this pilot study, an interference with the sulfide CID method described by Teasdale et al. (1999) was encountered and a technique for its elimination was devised. Dissolved iron which diffused into the white AgI binding layer during probe deployments oxidized to brown/orange iron (III) oxides after the probe was removed from the sediment and exposed to air. This contributed to the grayscale intensity of the gel when scanned, creating a false positive reading for sulfide.
The binding gel was scanned as normal then treated in a solution of 0.01 M hydroxlamine hydrochloride for 12 h. This reducing agent removed the iron (III) precipitates, removing the color interference. Fig. 6 shows the vertical concentration profiles for total iron as determined by DET and porewater analysis, which show good agreement, as well as corrected and uncorrected C DGT sulfide values. The uncorrected CID determination for sulfide shows two peaks, one around 25 mm below the sediment-water interface which corresponds to measured areas of high iron (II) in both DET and porewater measurements, and another around 135 mm below the sediment-water interface. After treatment with the reducing agent, the 25 mm peak disappeared, consistent with the removal of colored iron (III) compounds, while the peak at 135 mm decreased slightly, consistent with the removal of a small color contribution from iron (III).
It is therefore recommended that sulfide gels are treated with a solution of reducing agent prior to scanning to remove oxidized iron precipitates which may contribute to the CID measurement.
Field deployment A-Initial field testing of the combined probe was conducted in October 2007 at Coombabah Lake on the Gold Coast, Queensland, Australia. The 'lake' is an estuarine lagoon, open for exchange with the Pacific Ocean via the Broadwater and Moreton Bay (Dunn et al. 2007 ). The location selected was a pool between a section of salt marsh and mangroves adjacent to the edge of the lake. The pool has high organic matter inputs and is irregularly inundated on high spring tides. Two probes were deoxygenated by bubbling with N 2 for at least 12 h before deployment and carried to the field in sealed bags. Combined probes were deployed for 8 h with the top 3 centimeters of the probe window above the sedimentwater interface (SWI). Careful probe insertion caused minimal disturbance to the sediment adjacent to the probe window.
Upon retrieval, the diffusive sample gels were immediately removed from the probes and exposed to the staining gel layer within 3 min of initial removal from the sediment. The gels were scanned 15 min later and both the Fe (II) DET and sulfide DGT were analyzed using CID as described in the procedures section. The 2-D profiles for iron (II) and sulfide obtained are shown in Fig. 7 .
It is clear that high concentrations of both iron (II) and sulfide are tightly coupled in the sediment, with zones of intense reduction of iron (III) and sulfate present. Iron (II) was found mainly in the upper 3 cm of the sediment, though distinct niches were present up to 10 cm below the SWI. In general, areas with higher iron (II) concentrations correspond to areas of lower sulfide concentrations and vice versa. This is to be expected, as iron (II) and free sulfide precipitate to form FeS. Unexpectedly, however, there were some areas where the two analytes were detected at the same point in the sediment. This has been observed previously in a probe using two DGT gels, one each for metals and sulfide (Motelica-Heino et al. 2003) . There are a number of reasons why the distributions may overlap which are worth considering.
The nature of the two measurements must be taken into account. DGT is a consumptive, time-averaged method, which shows an average distribution and concentration across the entire deployment period, whereas DET predominantly reflects more recent conditions in the period before probe retrieval. Additionally, diffusional relaxation of the iron (II) distributions within the gel may have caused the borders of zones of iron (II) and sulfide to overlap slightly in the period between probe retrieval and scanning, though this does not explain the extent of the overlap. Therefore, the overlap may represent artifacts of the technique such as post-removal lateral diffusion of iron (II), temporal changes in the distributions over the course of the probe deployment, or the concurrent presence of iron (II) and sulfide at the same point in the sediment.
Field deployment B-Further testing of the combined technique took place in February 2008 approximately 1 km upriver of the Tallebudgera Creek ocean outlet on the Gold Coast (Fig. 8 )Q Q4 4. Deoxygenated probes were placed in subtidal sediment near the edge of the creek, adjacent to a Zostera capricorni bed. There were numerous macrofaunal burrow openings in the vicinity of the probes. Probes were retrieved after 24 h and analyzed as described in the first deployment.
As with the Coombabah probe deployments, the measured distributions were very heterogeneous, with significant areas of overlap between iron (II) and sulfide. In this example, the sulfide was detected at concentrations an order of magnitude lower than the iron (II), with areas of sulfide generally corresponding to lower concentration areas of iron (II). However, very little overlap is expected in situ, and where concurrent iron (II) and sulfide have been observed, it has been highly localized (Motelica-Heino et al. 2003) , so the relatively large areas of overlap are surprising. There are several possible explanations for this, some of which have been detailed previously. In this deployment, temporal heterogeneity in sulfide and iron (II) patterns in the porewater is a likely explanation for iron (II) and sulfide overlapping. It has been established that seagrasses transport oxygen to their root system from their leaves (Armstrong 1994), a process driven by photosynthesis and therefore occurring at higher rates during the day than at night (Pedersen et al. 1998 ). The probe was deployed directly adjacent to a seagrass bed, with the subterranean rhizosphere potentially extending to or past the probe. Therefore, changes in the redox potential of the sediment may be induced diurnally by radial oxygen loss from the seagrass roots. The probe was deployed and collected in the early afternoon, after approximately 8 h of sunlight. The exact time period measured by the DET gel is difficult to determine, as it is unclear whether iron (II) supply was from diffusion only or, more likely, partially sustained by microbial and chemical production. The time for 90% equilibration was estimated to be around 10 h, based on Harper et al. (1997) and Davison et al. (2000) . Therefore, the DET gel would most strongly reflect the more oxidized portion of the diurnal cycle. The DGT gel, on the other hand, averages the presence of the sulfide over the entire deployment period. Therefore, the sulfide measured by the probe may have only been present in a labile form for a fraction of the deployment time, for example during the night. Similar reduction/oxidation can take place adjacent to macrofauna burrows (Forster and Graf 1992) , which were also observed near the probe. Therefore, while the iron (II) and sulfide appear to overlap on the probe, there may be temporal separation in the presence of the species in the sediment porewater.
Interpretation of these results is difficult without information regarding the exact sources of heterogeneity in the sediment. The most striking feature of the data obtained is that these estuarine sediments display highly heterogeneous, nonsteady state chemistry in the vicinity of biogenic structures.
Discussion
The method presented here enables the first quantitative two-dimensional, high resolution simultaneous determination of iron (II) and sulfide in sediment. Computer imaging densitometry is a simple, rapid method to procure large quantities of data without specialized equipment. The method enables spatially accurate quantitative imaging of iron (II) and sulfide distributions in very heterogeneous environments at a resolution midway between that provided by microsensors and other diffusional techniques.
Very recently, Jezequel et al. (2007) published a technique for the high-resolution determination of iron (II) and unidentified reduced sulfur compounds using thin-film techniques. The iron (II) determination was developed independently of the method presented in this paper, though the presented techniques share the same key concept. In Jezequel et al. (2007) , the iron (II) technique was at an early development stage, with minimal testing of various important parameters affecting the iron (II) determination such as air exposure and diffusional relaxation. This paper investigates some of these parameters to provide a framework for future development, adaptation, and improvement of the iron (II) determination.
Additionally, the sulfur determination using PVC tape described by Jezequel et al. (2007) measured an unknown fraction of reduced sulfur and iron. The colorization attributed to sulfur compounds did not occur in laboratory solutions of Na 2 S, and only some brands and lengths of tape showed a color response. Thus, the combination of the iron (II) method with sulfide DGT, which is better characterized and more reproducible, provides superior information.
Other methods for the two-dimensional determination of multiple analytes in sediments include the centimeter-resolution dialysis method for soluble reactive phosphorous, NH 4 + , Fe 2+ , and SO 4 2-presented by Laskov et al. (2007) and the 3 mm resolution trace metal DGT slicing technique used by TankereMuller et al. (2007) . Both techniques obtain data for a greater number of analytes than the method presented in this paper. However, both methods generate large numbers of samples, which are time-consuming to analyze and measure at significantly lower resolutions than our novel method. As shown by field deployments in this paper, significant fine-scale heterogeneity exists at sub-centimeter resolution and dialysis compartments or DGT gel squares will reflect the average concentration of the sampled area only. This may be problematic near boundary layers where labile species, such as sulfide and iron (II) or oxygen and iron (II), may react within a dialysis compartment or hydrogel layers. While this issue also exists in our method, colored interferences from iron sulfides or iron oxides can be visually identified and excluded from the CID determinations or in the case of iron oxides, removed by pretreatment with a reducing agent.
One important result from field deployment A is the presence of laterally heterogeneous zones of iron (II) and sulfide in the sediment. This poses a problem for analysis techniques which integrate an area of sediment or porewater to produce a single measurement, for example sediment cores. If a sediment core was sliced and each slice was homogenized prior to porewater extraction, iron (II) and sulfide species present in the sample would be mixed and precipitate. As a result, the final measurement would underestimate the real concentration of both species in the original sample, with the analyte in excess showing a reading and the other likely to be very low or zero. Fig. 9 illustrates this concept, showing the gel-measured average concentration of iron (II) and sulfide in the 80 mm wide section of sediment sampled by the large combined probe depicted in Fig.  7b as well as bars representing the theoretical result of a determination using a sediment core/porewater extraction technique. To determine the theoretical values, an assumption was made that iron (II) and sulfide in the porewater would precipitate to form FeS in a 1:1 ratio to completion. It is possible that, at high (mM) concentrations of free sulfide, there would be some iron (II) present as soluble Fe(HS) 2 species . However, as the pH throughout the sediment was not known, accurate calculation of the proportion of soluble species was not possible. Soluble iron species would likely account for no more than 15% of the iron species present and are excluded for simplicity.
It is clear from this example that a failure to assess lateral heterogeneity can have a strong effect on the accuracy of vertical measurements, with gross underestimation of both iron (II) and sulfide mean concentrations occurring in the transition zone between 0 and 40 mm.
The large number of samples generated by slicing or subdividing hydrogels or probes for two-dimensional analysis becomes prohibitive if the area sampled is expanded, especially laterally, or if replicate probes are used-a single probe of the size used in this study would generate 1500 samples if sliced at 3 × 3 mm resolution. This emphasizes the benefits of computer imaging densitometry, which rapidly provides highresolution information and is not limited by scale.
The technique presented here is of an appropriate size and resolution to use in detailed investigations of sediment geochemistry at the millimeter to decimeter scale. This is large enough to obtain images of complete or significant parts of biogenic structures, for example macrofauna burrows. This information can be useful for constructing models of sediment flux and process rates, as described in Laskov et al. (2007) . The application of this method in situations where it is possible to directly observe the biogenic structures imaged by the gels would be especially useful. Such data may enable improved understanding and generalization of the formation, distribution, and fate of key reduced species in marine sediments. A key difficulty in interpreting results for this purpose will be the temporal factor, as the DET and DGT technique measure over a relatively long period (hours) in potentially very dynamic systems. It is not possible to extract temporal information about discrete events from a single probe, so combining the data with measurements made using temporally discrete techniques, such as microelectrodes, or using systematic repeated probe deployments, as in Dunn et al. (2003) , may be necessary. There are some limitations on the application of this technique in the field. The main problem is the necessity for rapid sample handling to stain the iron (II) gel before oxygen exposure affects the measurement. The underestimation caused by oxidation is difficult to correct for based on current knowledge. Keeping the sample in neutral/anoxic conditions in the period between probe removal and staining may make a longer delay acceptable, though diffusional relaxation of iron (II) profiles would still be taking place. At the current stage of development, sampling sediments within deep waters is likely to be impractical. The use of a staining gel impregnated with a reducing agent may enable measurement of total iron and therefore eliminate the problem of oxidation, as described by Jezequel et al. (2007) , though quantification of the method would be difficult.
Additionally, the effect of temperature on iron (II) measurements has not yet been accounted for. As diffusion rates change with changing temperature (Li and Gregory 1974) , the rate of colorization of the sample gel will be affected by temperature. Higher temperatures will lead to more rapid color development, increasing the measured iron (II) concentration, and vice versa. The calibration data were obtained at 20°C, so results obtained at ambient temperatures significantly different to this should consider this potential source of error.
Another consideration with the combined method is the detection limits of the two techniques, and how modifying the method parameters can affect these. Sulfide DGT can be made more sensitive by using a thinner diffusive layer or increasing the deployment time , or vice versa if the expected concentration is high. Modification of the diffusive layer characteristics will also affect the iron (II) method. A thinner diffusive layer will have higher spatial and temporal resolution for iron (II), but may have lower sensitivity. One other possible modification of the iron (II) method would be to alter the staining time, which would affect the calibration limits. A shorter staining period, allowing less color development, may allow higher concentrations to be studied, and vice versa. Changing the diffusive layer thickness or scanning time would require re-calibration of the iron (II) method at the new parameters. These parameters can be adapted to suit the aims of a project and the expected conditions in sediment to be sampled.
Comments and recommendations
The method was developed for and applied in field deployments, which revealed high levels of fine-scale heterogeneity of both iron (II) and sulfide in natural marine and estuarine sediments. The technique is most suitable for deployment in estuarine and near-shore coastal situations, as these are most likely to contain the target analytes in heterogeneous patterns resulting from dense faunal populations, rooted plants, and other biogenic structures. It may also be suitable for shallow freshwater environments. The iron (II) component of the method would be of limited use in deployments with a deep overlying water column, as the time interval between probe retrieval and staining gel exposure would likely be too long to maintain accuracy of the determination, though sophisticated sampling equipment could facilitate measurements in deeper waters. Further investigation is required to obtain more accurate results from the iron (II) technique, most specifically addressing the influences of temperature and air exposure. Even at the current stage of development, the high resolution, simple, rapid data collection and flexibility of the technique make it the most suitable tool for studying iron and sulfide chemistry at small to medium scales. 
